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Trilinear Gauge Boson couplings

Trilinear gauge boson couplings

— Direct consequence of the non-Abelian SU(2)xU(1)
gauge symmetry of the Standard Model

— Important for theenormalizabilityof the SM

Measurement of the couplings using gauge boson
pair final states

— Crucialdirect testof the Standard Model

Deviations from the Standard Model
— Signal for new physics



Trilinear Gauge Boson couplings

« Study of Trilinear Gauge " oo v
Boson Couplings
[J Study of Gauge
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WWV(V=y or Z) Couplings

e Lorentz invariant effective Lagrangian
Z'['WWV = gwwv [gl V’u(W W+V I/V+ W_V) + HL’WJWV_VMV
Ay
mW
igy W W (o'VY — 8" VH)
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where V =~or Z, W,, = 0,W,—0,W,, and V,, = 0,V, =9, V..

e Assuming C, P and CP invariance
0 9,Y=0'=K, =A,=0

« EM gauge invariance

U g=1
[J 5 couplingsA,, K,, &%, Az, K

 Standard Model at tree level
9," = 1, Ak =Ky-1= 0,A, = A=K\ =0,"=05"=0
where V=Z oy

« Anomalous couplings with a cutoff scale
A(S)=A/(1+siN\?)? andAK(S)=AK/(1+SIN\?)?



SU(2)xU(1) gauge invariance

Z-fermion couplings agree with SM prediction at
102 level (LEP 1 and SLC).

— e.g. ¢'=-0.037%0.0007, g'= -0.50080.0008

SU(2)xU(1) gauge structure must underly any
model of anomalous TGCs.

Effective lagrangian can be made SU(2)xU(1)
Invariant with an addition of a light Higgs doublet
(linear realization)

[ g* =K+ tarfb (K- 1),A,= A;



WWV(V=y or Z) Couplings (Tevatron)

e Assumptions to reduce the number of couplings

WWy and WWZ couplings are equal
U 9= 9“= 1,8k, = Ak, and A = A,

HISZ: SU(2)xU(1) gauge invariance with a Higgs
doublet (g* = Kk, + tarrd,, (k- 1),A, =A,)
+ an additional constrainh g, = Ak, /2 co$8,,
0 Ak, = Ak, (1- tar¥d,)/2, A, = A, and
A g,“ = Ak, /2 cos8,,

SM WWy couplings

SM WWZ couplings



WWV(V=y or Z) Couplings (LEP)

 SU(2)xU(1) gauge invariance with a Higgs doublet

[ g* =K, + tartb (K- 1),A, = A;

[ three independent parameterg,, a,, anda,,
Og,= AK,-A g,“cos6,, ay,= A g, cosd,,
ando,,= A= A,

— Extra constraint in HISZ correspondstg= a,,

WWV Couplings (V=y or Z)
(Tevatron + LEP working group)

 SU(2)xU(1) gauge invariance with a Higgs doublet
[ g* =K, + tartb (K- 1),A, = A;
[ three independent parametexs;. Ak, andA g,

Note: limits onA, = limits ona,, whenAk, = A g,~=0
limits oMk, = limits onO g, whenA, = A g;*=0



ZW(V=y or Z) Couplings

* General couplings
— hyY, h,Y (CP-conserving); i, h,Y (CP-violating)

 Standard Model
~ hV=0(@i=1..4)

 Anomalous couplings with a cutoff scale

— hY(s) = hyV/(1+s\?)" where n=3 for i=1,3 and n=4
for i=2,4



Anomalous couplings and Physical
quantities

e Static moments of W

€
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 Transition moments of Z
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Indirect bounds on couplings

* Indirect upper bounds on couplings from precision
measurements
J. Ellison and J. Widka hep-ph/ 9804322

Oblique (g-2), dn de b- Atomic K| -uu
params. sy parity
viol.
|Ak,| | 0.05 1 - - 2 1 1
|AK| | 0.4 - - - - 0.12 -
Ay ]0.2 2 - - 7 013 -
Az|] |0.2 - - - - 0.13 -
Kyl |- - - 014 04 - -
Kz| |- - - 0.04 - - -
A |- - 0.00025 - 1.3 - -
94| |- : - 080 - - -
hs'| |- 4.5 - - - - -




DO detector

D@ Detector CALORIMETRY
TRACKING ni<4
o(vertex)=6 mm A xANp=0X01
o(rg) =60um (VTX) MUON —
= 180um (CDC) e = 15%4/E
= 200um (FDC) n|< 3.3 oHeD) = 5%/ /E

%’ =0.26 0.01p




DO Collaboration
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Experimental Methods

» Selection of Gauge Boson pair events

— In all analysis channels WYWWW - dilepton,
WW/WZ — 1vjjlljj, WZ - trilepton and %), at least
one gauge bosas identifiedvia leptonic decay
mode.

« A W boson is identified bg high E electronor
muonanda large missing Ein the event.

« A Z boson is identified bywo high E: electrons

or muons or a large missing £(Z - vv decayn
the event.

— The second gauge boson is:

* a photon (W, 2y)
« a W boson or a Z boson decaying leptonically
(WW - dilepton, WZ - trilepton)

 a W boson or a Z boson decaying
hadronically(WW/WZ- 1vjj,llj))



Experimental Methods

Backgrounds to Gauge Boson pair final states
The amount of background is manageable for al channels
except WW/IWZ - Ivjjlljj.

— Jet(s) detected as a photon or a lepton (g or

« WH+jets events with a jet faking a photony)\or
an electron (WW- dilepton)

* QCD multijet events with a jet faking an electron
or accompanied by a muon (WW/WZIvjj,lijj)

» Z+jets events with a jet faking a photory(Z
— Other sources of background:
o Zy with an electron or a muon undetectedy|W
 ttbar production
e /TT,

* Wy with y misidentified as electron (WW
dilepton)

« WHets (WW/WZ - IVjjlIjj)

o, B(W-ev)=25nb
0,[B(Z-ee)=0.2 nb

Oy, [B(W - ev) = 12.5 pb
oyww = 10 pb
Oz = 2.5 pb



Experimental Methods

 Measurement of anomalous couplings

— Maximum likelihood fit to the pspectrum of one of
final state Gauge Bosons {pn Wy and &, p;V in
WW/WZ - Ivjj)

— Maximum likelihood fit to the pspectra of final state
leptons (WWL dilepton)

©
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Experimental Methods

The probability P; for observing N; events in a given bin:

(bi+—ni)Nie—(bz‘+ni
N;!

estimated background

expected signal

integrated luminosity

detection efficiency

theoretical crosssection

), n; = EEO'Z'(A, Alﬁ})

The joint probability for all the kinematical bins:

Nyin
P=T1[P
=1

7

The posterior probability:

P'(\, Ak)

p(A, Ak)
fn and fb
gfn and gfb

/ gfndfn J gfbdfb Hizl

Niin, €~ Unni0 AR08 (£, 0;(X\AR)+ fibi) Vi
p(A, Ak)

N;!

JGr.dfn | G dfy Saan P(X, AK)

prior on A and s
norm. factors

Gaussian prior

-log likelihood

Son




Wy— evy, pvy

» Event Selection

DO (f Ldt = 89.1 pb™h) CDF (f Ldt ~ 67 pb™ 1)
evry nvy evry nry
el <11 | <17 (1a) || <11 nul < 0.6

1.5 < |ne| <25 |n,] <1.0 (1b)
Ee>25GeV  ph>15GeV/e E%>20GeV ph> 20 GeV/e
Fr >25GeV  Fp >15GeV  Fr >20GeV FEr > 20 GeV

E} > 10 GeV E} > 7 GeV
ARy > 0.7 ARg, > 0.7
In" < 1.1,1.5 < |n7| < 2.5 7| < 1.1

 Major Backgrounds
— WH+jets with a jet faking a photon
— Zy with one lepton undetected

e Results
DO (f Ldt =89.1 pb™!) CDF (f Ldt ~ 67 pb™ 1)
evry 11 %% evry Hvy
Ndata 57 70 75 34

NBg 152425 27.74+47 16.1+24 10.3+1.2
Ngignar ~ 41.8+£8.9 423+9.7 589+94 23.7+6.0
o-BR 11.3574+1.4406pb  20.7+2.940.7 pb

o - BR(SM) 12.54 1.0 pb 18.6 + 2.9 pb
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Limits on anomalous WWy couplings

N=15TeV A,=0 Ak,= 0
DO -0.93< Ak, <0.94  -0.31<A,<0.29
CDF -1.8< Ak, <2.0 -0.7< A\, <0.6
(preliminary)

DO limitson A, isthe tightest single channel limit to date.

3
Uy /by =K+ +2)/2



WW - dilepton

Event Selection

ee ep pp
E5t > 25 GeV E% > 25 GeV P> 25 GeV/c
ES? > 20 GeV P> 15 GeV P2 > 20 GeV /e
DO Br > 25 GeV Br ™ > 25 GeV Br > 30 GeV
Mee —myz| < 15 GeV/* | Er > 20 GeV
20° < A¢ < 160° 20° < Ap < 160° |  A¢(Fr , ) < 160°
for ET < 50 GeV for ET < 50 GeV
|EHd| < 40 GeV
ES > 20 GeV E7 > 20 GeV pr > 20 GeV/c
Fr > 25 GeV P > 20 GeV/c Br > 25 GeV
CDF | 75 < mg, < 105 GeV/c® | By >25GeV |75 < my, < 105 GeV/c’

A¢(ET ,6) > 20° fQI" ET < 50 GeV
0-jet with E} > 10 GeV

Major Background

— Drell-Yan (Z,y)
— 1t

Z - TT

~Had 01
Ep® =—(Er

+EZ 4+ Fr)

Wy with ay misidentified as an e (D0O)

W+jets with a jet misidentified as an ejor




WW - dilepton

Detection Efficiencies

ee eul v
DO 6.5+04% 6.020.6% 1.9+0.2%

CDF 6.9+0.8% 89+1.1% 5.4+0.7%

Results
DO (/Ldt=96.6 pb ™) CDF (JLdt=108 pb ™)
Ndata ) 5
Nac 3.3+0.4 1.2+0.3
Nsw 2.10+0.15 3.5+1.2

Measurement of WW production cross section
(CDF)
o(pp — WTW™) = 10275 (stat) £ 1.6 (syst) pb
o(pp — W W )sy = 9.5pb



WW - dilepton

e Limits on WWy and WWZ couplings (DO)

— A binned maximum likelihood fit to fof two
leptons in the event

— Competitive limits to WW/WZ semileptonic modes

AN=15TeV
)\y:)\z (AKy:AKZ:O) '0.53, 0.56
AKV:AKz()\y:)\Z:O) '0.62, 0.77

Ay (HISZ) (Ak,=0) -0.53, 0.56
Ak(HISZ) (A=0) -0.92, 1.20
<1 (a) equal couplings '<>l (b) HISZ
0 . . 0 . o
N I~
1 1
1 0 1 1 0 1

AK ) AK



WW/WZ - Ivij, llj

 Event Selection
DO (f Ldt =96.0 pb™') DO (f Ldt =80.7 pb™')  CDF (f Ldt =110 pb™})

evjj pvyj evjj, Hvjj, €ejg, iijJ
ES > 25 GeV ph > 20 GeV/c p7! > 20 GeV/c
Fr > 25 GeV Fr > 20 GeV Fr > 20 GeV
Mg > 40 GeV /c” MP > 40 GeV/c? MM > 40 GeV /¢
or 70 < Mee,, < 110 GGV/C2
> 2 jets with B > 20 GeV > 2 jets with £ > 30 GeV
(cone size = 0.5) (cone size = 0.4)
50 < Mj; < 110 GeV/c” 60 < M;; < 110 GeV /c”

P > 200 GeV

* Results
DO evjj pvjj
Luminosity 96.0 pb ! 80.7 pb!
Backgrounds
W+ > 2 jets 341.7+£38.3 117.1+23.9
Multijet 116.5+12.6 104.7 £19.3
others 4.6 £1.3 2.7+1.2
Total 462.8 +40.4 224.5 + 30.7
Data 483 224

SM WW + W Z prediction  20.7 £ 3.1 45158

CDF (110 pb™1) lvjj 054
Before M;; cut 294 47
After ij cut 0 0




Methods to set limits on anomalous
couplings

« DO: A binned maximum likelihood fit to}y

spectrum
100 —
(3 . S [smww k0, AZ/:\(B,lgg:To .
> 80- $ =L5Te
) : S
S 60- -
d =
3 S
2 - :
Lﬁ ' .
20 - 10 100 200
] p?  GeVlc
T 1 |_.__._ 1
0 50 100 150 200 250
py GeV/c

» CDF: Limits on the cross section from a high'p
cut where no background exists

L Entries 741 30 Entries 274
- OVFLW 6.000 OVFLW 0.0000E+00
60 - . o
- v+ 1] 20 )+
40 —
20 ;‘ 10 ‘ \L
L ] | [ \LJ | | | ‘ \77\ i = I I O 7 k. !J?\Lli_fﬁﬂ—ﬁg | !“ | |
9 100 200 300 400 O 100 200 300

M, (GeV/c?) P*(GeV/c)



WW/WZ - Ivij, llj

DO evjj DO uvjj
Couplings \A(TeV) 1.5 2.0 1.5 2.0
Ay = Az -0.36, 0.39 | -0.33, 0.36 | -0.44, 0.46 | -0.42, 0.44
Aky = Aky -0.47, 0.63 | -0.43, 0.59 | -0.60, 0.78 | -0.58, 0.73
Ay HISZ -0.36, 0.38 | -0.34, 0.36 | -0.44, 0.46 | -0.42, 0.44
Ak, HISZ -0.56, 0.85 | -0.53, 0.78 | -0.71, 0.99 | -0.67, 0.95
Az(SM WWW~) -0.40, 0.43 | -0.37, 0.40 | -0.48, 0.51 | -0.46, 0.48
Arz(SM WW+) |[-0.60, 0.79 | -0.54, 0.72 | -0.74, 0.91 | 0.69, 0.86
AgZ(SM WW+) | -0.64, 0.89 | -0.60, 0.81 | -0.77, 0.99 | -0.73, 0.94
CDF
Couplings \A(TeV) 1.0 2.0

Ay = Az -0.51, 0.51 | -0.35, 0.32

Ay =Aky; | -0.67,0.85 | -0.49, 0.54

Ay HISZ -0.51, 0.52 | -0.34, 0.33

Ak, HISZ -0.83, 1.02 | -0.61, 0.67

A2(SM WW~) | -0.60, 0.58 | -0.37, 0.40

Arz(SM WW~) |[-0.95, 1.01 | 0.58, 0.68

AgZ(SM WWy) | -0.91, 1.05 | -0.61, 0.68

U(1) point in the WWZ couplings plane is excluded

at 99% CL.




WW/WZ - Ivij, llj
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a) Ak = Aky = Akz, A=Ay = Az
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WZ - trilepton (DO) (Preliminary)

» Event Selection

eeerv eeur
ESt > 25 GeV Es > 25 GeV
E$# > 25 GeV E$? > 25 GeV

E$>10GeV  pl>15GeV/c
Fr > 15 GeV Fr > 15 GeV
81 < m;; < 101 GeV
mT(k‘, ET ) > 30 GeV

 Results
eeev eepy
Luminosity (pb™1) 92.3+4.9
Backgrounds 0.38+0.07+0.12 0.118 +0.018 £ 0.035
SM prdiction 0.146 4+ 0.002 £ 0.011 0.099 4 0.001 £ 0.008
Data 1 0
e Limits
N=1.0TeV

IAg,“|<1.63 for A,=0
| Az|<1.42 for Ag,” =0




WZ - trilepton (DO) (Preliminary)

« Candidate

Ex(Gev) 1 @
e 4.5 0.11 594
& 509 -0.62 3.04
€3 37.7 1.37 4.14

MET | 46.2 1.29

CAL+TKS END VIEW 15-MAY-1997 13:27 Run 89912 Event 23020 ‘26-MAR-1995 22:54

~ MUON
_ELEC
TAUS
VEES
_OTHEF

M1(2)=74.7 GeV M13=93.6 GeV



Limits on WWy/WWZ couplings from

combined fit (DO)

Simultaneous fit to photon;bf Wy data samples,
PV of WW/WZ - |vjj data samples, and lepton E
of WW - dilepton data samples.

Correlated uncertainties such as the integrated

luminosities and theoretical predictions are properly

taken into account.

< ,<>
1 (a) equal couplings L (b) HISZ
/ \ e
o [ ) e
~_ “ -
-1 -1
1 0 1 1 0
AK AKV
< | sMwwy <] (d) sMww
1 e 1
[N
\L(l) N / .« )
1 ~__ 1

(MY
o

AK

AK



A 1.5 TeV 2.0 TeV
A=Az (Ak, = Akz = 0) —0.20, 0.20 —0.18, 0.19
Ak, = Arz (A, =Xz =0) —0.27, 0.42 —0.25, 0.39
A\, (HISZ) (Ak, = 0) —0.20, 0.20 —0.18, 0.19
Ak~ (HISZ) (A, = 0) —0.31, 0.56 —0.29, 0.53
Az(SM WW7) (Akz = Agf =0) —0.26, 0.29 —0.24, 0.27
Akz(SM WW7) (Az = AgZ =0) —0.37, 0.55 —0.34, 0.51
AgZ(SM WW+) (\z = Akz =0) —0.39, 0.62 —0.37, 0.57
A (SM WWZ) (Ak, = 0) —0.27, 0.25 —0.25, 0.24
Ak, (SM WW Z) (A, = 0) —0.57, 0.74 —0.54, 0.69
A 1.5 TeV 2.0 TeV OPAL
apy (e = ay =0) —0.73, 0.59 —0.67, 0.56 | —1.6, 2.7
aws (apy = aw =0) —0.19, 0.38 —0.18, 0.36 | —0.55, 0.64
aw (apy = awy =0) —0.20, 0.20 —0.18, 0.19 | —0.78, 1.19
Ag? (apy = aw =0) —0.25, 0.49 —0.23, 0.47 | —0.75, 0.77
= (@) S (b)
a
S1 1
\.—’) \:
-1 -1
-1 0) 1 -1 0) 1
Opq Oy



DO + LEP combined limits

preliminary
+0.50
ALEPH ® 0.05°5°57
o
+0.19
L3 —— 0.0157%
_ +0.13
OPAL —— 0.08°5°15
_ +0.08
LEP 0.0525°g9
+0.10
DO 0.0025'10
+0.07
3
2 1 /
E ///
1 -
0 - —
-1 0.5 1
A
Y

One o (68% CL) errors are quoted in this plot.



DO + LEP combined limits

preliminary
. +0.28
ALEPH e 0.02Z5°33
®
+0.40
+0.47
OPAL Py 0.19°5°37
+0.16
LEP —o— 0172516
+0.34
DO ——— -0.082534
+0.14
3 T ;
42
=
<4 ’
O [ -I [
-1 0 1
AK
Y

One o (68% CL) errors are quoted in this plot.



DO - LEP comparison

< LEP 95% CL I|m|t

DO Run 1 95% CL I|m|t

DO Run 1 68% CL IImIt

-1 O 1



Zy—eey, Hpy

» Event Selection

D@ (f Ldt =103 pb™!)

eey Y

ne| <11, 15<|n| <25  [n]<1.0(24) (Run 1b)
Ef > 20 GeV Pt > 15 GeV/c
P > 8(10) GeV/c (Run 1b)

EF > 10 GeV
ARM > 0.7
N < 1.1,1.5 < |n?| < 2.5

CDF (f Ldt ~ 67 pb™1)
eey Y
|77€1| < 1.1, |7762| < 4.2 ‘77”1| < 0.6, ‘77/12‘ < 1.2
EZ > 20 GeV P > 20 GeV /e

E$ > 20,15,10 GeV

E} > 7 GeV

AR@Y > 0.7

7| < 1.1

« Major background sources
— Z+jets with a jet faking a photon
— multijet and direct photon + jets



Zy—eey, Uuy

 Results S g 2y
S
o 7 -
E SM + BG
C 6+
Q . Data
LLI 5 L
Il Background
4 + ——
3 L
DO (f Ldt =103 pb™1) 2 -
eey Y 1 e
Niata 18 17
Npe 22+05 3.7+0.7 0 ‘ |
Ngignal 15.8+4.3 13.3+£4.2 c 10 20 30 E4VO(GeV)50
Y
CDF Preliminary 1A+1B Data (67 ph
_ >18
CDF (JLdt ~67pb ") & | Z(e and p) +y
eey iy s
Naia 18 13 §14 i + Data (31 events)
Npe 094+03 05+0.1 L“lz i VG + Backaround
Nggnal 17.1£5.7 125+ 3.6 : 263 41 1.7 events
10
gl Background
1.4 +/- 0.2 events
6 overflow
4l 8388V
2t
ol

5 10 15 20 25 30
Photon Transverse Energy ©



Zy-vvy (D0)

Advantages over ggupuy
— A higher branching ratio

20%vs3.4+3.4%

— No radiative contributions,| '

Event selection
— missing E > 40 GeV

— EY>40 GeV
nJ <11
or1.5<|n,| <25

Backgrounds

o

Events /5 GeV
N
1

2

D@ vvy
L =13.5 pb*
4 events
Data

SM

R

SM+Background with errors

— Bremsstrahlung from cosmic or beam halo muons

— Woev - “Y'v

DO 1a (JLdt = 13.5 pb Y

Ncandidate
Muon background

W - ev background

jjHy background
Total
N SM

4
1.8+0.6
4.0+0.8

<0.6
5.8£1.0

1.8+0.2




40
=

0.75

0.25

-0.25

Zy Limit contours

05 -
- D@ vvy

- A=500

- CDF lly
o /\ 500 GeV

RIS I IR LA B
<~ L3vvwy
N=750 GeV

GeV ' o

‘

NA=750 Ge\a

D@ combined
N=750 GeV

DA Iy .-
/\ 500 GeV
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Summary of ZZy and Zyy couplings
measurements

e DO limits

— Run la eg upy, vwy + Run 1b ee ppy
— Cutoff scaleA = 0.75 TeV

Limits
lhy!| <0.37
lhe?|] <0.36
lhs'|  <0.05
lho?| <0.05

e CDF limits

— Run la+1b ggpupy
— Cutoff scaleA = 0.5 TeV

Limits
heo'| <16
lhs?| <1.6
hao'|  <0.4

he?| <0.4




What should we expect?

e« SM Loop Correction in units of 10
— Argyres et al., hep-ph/9603362

m, |100GeV 300 GeV
A, |-07 -0.6
Ak, |-3.7 4.7
Az |-0.7 -0.6
Akz |-5.4 -2.9

e MSSM Loop Correction in units of 0
— Argyres et al., hep-ph/9603362

Ao,my,My, | 300,300,80 GeV 300,300,300 GeV 0,0,300 GeV

u>0  u<0 p>0  p<0 p>0 p<oO

Ay 12 04 07 07 07 07
AK, 39 42 38 39 -39 -39
Az +05 +15 04 05 -04 -04
AKz 64 67 +60 50 51 -50

 Estimated limits in Run Il

A AK h30v h4ov
100pb™* |02 04 04 0.05
1fb* ]0.06 0.12 0.12 0.02
10fb* |0.02 0.04 0.04 0.005




What should we expect?

SM Higgs boson production at Tevatron

oBr(pp-@-WW) = 0.1 pb for ;= 190 GeV
[1 100 times smaller than the SM WW production

Expected numbers of events in Run |l

SM WW o-WW
V)] AVIERVAR V]| AVIIVE

1for 140 40 1.4 0.4

10 fb* 1400 400 14 4

— If we get 30 fb', 3-50 signal observation is possible.
Tao Han and Ren-Ji e Zhang,

hep- ph/ 9807424



Summary

Measurement of trilinear gauge boson couplings,
using gauge boson pair production processes, is a
crucial test of the Standard Model.

In all of the processes studied YWWW, WZ, 2),
observations are consistent with the SM prediction.

Tevatron and LEP experiments are complementary
in probing the trilinear gauge boson couplings;
different final states and at different CM energies.

Run Il will be an excellent opportunity to nail down
trilinear gauge boson couplings.



